Monazite-(Ce) and xenotime-(Y) were found in the metacherts (pumpellyite-actinolite-facies conditions: 3 ≤ P ≤ 4 kbars and 300 ≤ T ≤ 350°C) of the Monte Figogna Unit, Sestri-Voltaggio Zone, Liguria, in Italy, as scattered submillimetric grains in pelitic beds and as euhedral crystals in both millimeter-thick quartz veins and open fissures. Their composition is comparable to those of known occurrences in metapelites from greenschist-facies conditions. The textural evidence points to a synmetamorphic authigenic origin of these phases related to local mobilization and reconcentration of the REE during the metamorphic recrystallization of the clay fraction.
INTRODUCTION
Members of the monazite and xenotime groups (Mandarino 1999 , Buck et al. 1999 ) occur as accessory minerals in a variety of geological environments, such as in felsic and alkaline magmatic rocks and in hydrothermal veins and open fissures. In metamorphic rocks, they have been reported as authigenic phases mainly from metapelites, mostly from high-to intermediategrade conditions (i.e., from granulite to greenschist facies; Franz et al. 1996 , Bea & Montero 1999 . At subgreenschist-facies P-T conditions, xenotime has never been reported, whereas monazite is rare, and its authigenic origin is still in doubt (Overstreet 1967 , Kingsbury et al. 1993 , Ohr et al. 1994 .
In this paper, we discuss the first documented occurrence of authigenic monazite and xenotime in pelitic beds within metacherts equilibrated under conditions of the pumpellyite-actinolite facies (300 ≤ T ≤ 350°C, 3 ≤ P ≤ 4 kbar) from the Monte Figogna Unit, SestriVoltaggio Zone, central Liguria, Italy.
GEOLOGICAL SETTING
The Sestri-Voltaggio Zone is located at the eastern margin of the Voltri Group and consists of three distinct tectonometamorphic units: Trias-Lias unit, Cravasco-Voltaggio unit, and Monte Figogna unit (Fig. 1 ). All these units were involved in the Alpine subduction-related tectonic events and underwent metamorphic re-equilibration under different conditions of peak metamorphism: a) blueschist facies, T ≈ 350°C; P ≥ 6 kbar (Trias-Lias and Cravasco-Voltaggio units), and b) pumpellyite-actinolite facies, 300 ≤ T ≤ 350°C; 3 ≤ P ≤ 4 kbar (Monte Figogna unit) (Cortesogno & Haccard 1984) .
The Monte Figogna unit is composed of metaophiolites (mainly serpentinite, ophicalcite, and metabasalt) and their sedimentary covers (metachert, metacalcarenite, pelitic schist, and shale). It represents the metamorphic equivalent of the Eastern Liguria ophiolitic sequences (Cortesogno & Haccard 1984, Crispini & Capponi, in press) .
The metacherts are variable in thickness, from tens of centimeters to some meters, and consist of rhythmic alternations of reddish and greenish centimetric beds, both characterized by synmetamorphic schistosity and multistage veins and fractures.
The reddish beds consist of hematite-bearing siliceous mudstones containing deformed radiolarian tests commonly filled by microcrystalline quartz. The greenish beds are chlorite-and phengite-bearing siliceous pelites containing scattered ophiolitic clasts. Moreover, dark brown millimetric hematite-rich levels are present both in reddish and greenish beds.
ANALYTICAL METHODS
Identification of monazite and xenotime was achieved by means of optical microscopy and X-ray diffraction (XRD) analyses of hand-picked single crystals using a DIFFLEX II diffractometer equipped with a Gandolfi camera (Ni-filtered CuK␣ radiation, 35 kV, 25 mA, duration of exposure 20 hr). Unit-cell data were obtained by a least-squares fit of about 15 reflections. 
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Qualitative analyses were performed on six polished thin sections with a scanning electron microscope (SEM, Philips 515) equipped with an X-ray energy-dispersion analyzer (EDAX PV9100) using an accelerating voltage of 20 kV and a beam current of about 2 nA. A complete investigation using back-scattered electrons (BSE) was carried out in order to identify the rare-earthelement (REE) minerals, to illustrate their textural relationships and to evaluate their modal abundance.
Quantitative analyses were performed with an ARL-SEMQ electron microprobe in wavelength-dispersion mode (WDS) using an accelerating voltage of 20 kV (sample current of 20 nA) with a beam size of about 4 m, and peak and background counting times of 40 and 10 seconds, respectively. The reference standards REE1, REE2, REE3, and REE4 (Drake & Weill 1972) La 2 YSi 2 ), and natural phases [monazite-(Ce), albite], were used as standards. The lines used for analysis, the interfering elements, and detection limits for each element are reported in Table 1 . Interference effects due to peak overlaps were minimized using the PROBE 5.2 software (Donovan & Rivers 1990) . The accuracy and precision of the analyses and the interference-correction effects at different levels of concentration were checked using the same analytical standards as the unknowns during the analytical runs. The observed analytical error (E) varies markedly in each case, depending on the concentration (X) of the element: X ≥ 10%, E ≤ 1%; 1 ≤ X ≤ 10%, E ≤ 15%, and X ≤ 1%, E > 15%. Bulk-rock analyses were carried out by X-ray fluorescence (XRF) on fused glass disks (major elements); instrumentation consisted of a Philips PW1480 with Rh tube. Replicate analyses of rock standards show that the major-element data are precise to within 0.5% to 2.5%, and between 3% and 5% for Al, Na, and P. Concentrations of the REE were determined using Inductively Coupled Plasma -Mass Spectrometry (ICP-MS); the samples were prepared with a total dissolution method (perchloric, nitric, hydrofluoric acids). The accuracy of the REE determinations on replicate analyses is between 2% and 3%.
OCCURRENCE
The rare-earth-element phosphates occur in metacherts within the greenish beds and in veins or open fissures cross-cutting them (Fig. 2) . Other minerals trapping the REE (allanite, apatite, and zircon) are present in trace amounts, along the main schistosity as scattered irregular grains. On the basis of textural relationships, two populations of REE phosphates have been distinguished, hereafter named P1 and P2.
P1 grains are present exclusively in greenish beds associated with hematite and chlorite. They occur as scattered irregular aggregates (up to 5 m) (Fig. 3A) . Owing to their small dimensions, quantitative analyses of P1 crystals were not possible; nevertheless, qualitative energy-dispersion spectra suggest that they are REE phosphates, most likely monazite and xenotime.
P2 grains consist of microscopic euhedral crystals of monazite and xenotime, the latter invariably subordinate (xenotime:monazite ratio ≈ 1:10). They occur within open fractures (up to 1 mm wide) and veins (up to 0.5 mm wide) cross-cutting the main schistosity (Fig. 3B) , associated with dark green sheaves of lamellar chlorite, euhedral quartz, and dark yellow, steeply pyramidal crystals of anatase. Monazite (Fig. 4A) is present as light yellow tabular and prismatic crystals, up to 200 m in length, whereas xenotime ( Fig. 4B ) occurs as very pale honey-yellow elongate prismatic crystals, up to 100 m in length.
ANALYTICAL RESULTS
Results of bulk chemical analyses of two samples of monazite-and xenotime-bearing metachert are reported in Table 2 . Because the separation of the greenish and reddish beds was impossible, the analytical results pertain to the whole metachert samples. As a consequence, in comparison with a pure chert, these compositions contain significant amounts of elements such as Fe, Al, and Mg that are concentrated in the pelitic fraction.
Patterns of REE distribution normalized with respect to the NASC (North Atlantic Shale Composite: Gromet et al. 1984) are very flat, without a significant positive or negative anomaly (Fig. 5A) . The generally lower REE content in our samples compared to the NASC is possibly due to the dilution effects of the cherty (nearly pure silica) reddish beds.
The chondrite-normalized REE distribution patterns (Fig. 5B) show relatively steep LREE (La-Eu) distribution, with a slight Eu negative anomaly, and relatively flat HREE (Gd-Lu) and Y patterns.
XRD data and quantitative chemical analyses were obtained only from euhedral crystals of the P2 suite, owing to the submicroscopic dimension of monazite and xenotime from population P1.
X-ray-diffraction patterns and the calculated unitcell parameters confirmed that the analyzed REE phosphates correspond to monazite [a 6.795(4) On the basis of chemical compositions ( In our samples, La and Sm (Fig. 6A) show a weak negative correlation and fall within the field reported for the occurrence of monazite in greenschist-facies rocks (Franz et al. 1996) . As had been concluded by Franz et al. (1996) , no correlations are found among the other LREE. Y and HREE contents are quite homogeneous, both ranging from ~1 to ~2 wt% of the relevant oxide. Yttrium contents are generally higher than monazite from greenschist-facies rocks, whereas the HREE contents are comparable (Fig. 6B) .
The chemical analyses of xenotime (Table 4 ) reveal very homogeneous Y contents (0.79-0.81 apfu). Dysprosium (from 0.06 to 0.08 apfu), Gd (from 0.04 to 0.05 apfu), and Er (from 0.02 to 0.03 apfu) also are present in significant amounts, whereas only minor amounts of Sm (~0.01 apfu) and Lu (<0.01 apfu) have been detected. The other REE are generally below their limits of detection.
The chondrite-normalized patterns of REE distribution confirm that monazite and xenotime are respectively LREE-and HREE-selective (Fig. 7) , with the REE between La to Nd strongly partitioned into monazite, and the REE between Gd to Lu preferentially accommodated in the xenotime structure.
Only low amounts of Th (0.01-0.02 apfu), Ca (≤0.01 apfu), and Si (0.01-0.03 apfu) are incorporated in monazite and xenotime, whereas U has not been detected. The presence and the relative abundance of these elements seem related to two different types of isomorphous substitutions that, as previously described by Franz et al. (1996) , can be represented by the exchange vectors CaThREE -2 in monazite and ThSiREE -1 P -1 in xenotime, respectively. A comparison with a large set of monazite and xenotime data (Fig. 8 ) reveals that in our samples, only limited substitutions are present along these vectors.
In contrast with what is expected, Th contents are generally higher in xenotime than in monazite.
DISCUSSION AND CONCLUSIONS
Monazite and xenotime found in metacherts from the Sestri-Voltaggio Zone are restricted to two modes of occurrence, both within pelitic greenish beds, i.e., along the main schistosity associated with chlorite + hematite (P1), and within veins and fissures together with chlorite, quartz, and anatase (P2).
The occurrence of authigenic monazite and xenotime from medium-to high-grade metamorphic assemblages has been reported by many authors (Overstreet 1967 , Kingsbury et al. 1993 , Franz et al. 1996 , Bea & Montero 1999 . Franz et al. (1996) reported authigenic monazite and xenotime occurring in metapelites from a regional metamorphic area in northeastern Bavaria, Germany, over a range of P-T conditions spanning from greenschist to almost granulite facies. Xenotime has never been reported from subgreenschist-facies assemblages. On the other hand, monazite is rare, and its authigenic origin is still doubtful; in most of the cases, it is considered a detrital mineral (Overstreet 1967 , Kingsbury et al. 1993 , Ohr et al. 1994 .
The selective appearance of monazite and xenotime (assemblage P1) in the phyllosilicate-rich greenish beds suggests that the REE were concentrated almost exclusively in the pelitic fraction of the metacherts. Moreover, as suggested by textural evidence, the rhythmic alternation of reddish and greenish beds in the metacherts presumably reflects the primary sedimentary layering; thus it is likely that these minerals formed as a consequence of local mobilization and reconcentration processes during the metamorphic recrystallization of the clay fraction, without the necessity of involving any external source.
The genesis of monazite and xenotime in veins and fissures (assemblage P2) cannot unequivocally be constrained as being synmetamorphic. Nevertheless, the concentration of monazite and xenotime exclusively in veins cross-cutting the greenish pelitic beds suggests that they probably have formed as a consequence of local mobilization of REE from the adjoining rocks.
However, the relatively constant Y/Dy ratio (mean value ≈ 11.8, Table 4), which approaches the value in the Earth's crust (11.5: Taylor & McLennan 1985) , is in favor of the absence of complexing agents in the depositing solutions (Gramaccioli et al. 1999) .
The composition of P2 monazite and xenotime is in good agreement with the constraints inferred by field and experimental data (Franz et al. 1996 , Gratz & Heinrich 1997 relative to lowgrade metamorphic conditions. In particular, our data indicate a very low content of HREE in monazite and of LREE in xenotime, as observed in samples from greenschist-facies conditions elsewhere (Franz et al. 1996) . Moreover, the Th content of monazite is generally very low, as observed at low temperature in metapelites and hydrothermal veins (Overstreet 1967 , Franz et al. 1996 .
These data suggest that monazite and xenotime found in metacherts from the Sestri-Voltaggio Zone possibly represent the first occurrence of these minerals under subgreenschist metamorphic conditions (pumpellyite-actinolite facies; 300° ≤ T ≤ 350°C, 3 ≤ P ≤ 4 kbar), thus extending the stability field of these phosphate minerals to a wider range of metamorphic conditions. Åmli (1975) , Bea & Montero (1999) , Bogoch et al. (1992) , Demartin et al. (1991a, b) , Franz et al. (1996) , Hanson et al. (1992) , Mannucci et al. (1986) , Montel (1993) , Pan et al. (1994) , Sevigny (1993) , Ward & Watt (1995) .
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